Determining the spatio-temporal distribution and association of pests and natural enemies would be useful for implementing biological control of pests and could also be used in site-specific pest management. In this study, the spatio-temporal distribution and association of aphids, plant bugs, and natural enemies were assessed in alfalfa fields using geo-statistics and spatial analysis by distance indices (SADIE). Additionally, the effect of alfalfa hay-harvesting on the spatial and temporal distribution of these insects was investigated for the first time. Geostatistical analysis indicated that the degree of dependence (DD) was ≥75% for 11 out of 39, 9 out of 35, 3 out of 12, 10 out of 29, and 2 out of 20 datasets for pea aphid Acyrthosiphon pisum, spotted alfalfa aphid Therioaphis maculata, cowpea aphid Aphis craccivora, alfalfa plant bug Adelphocoris lineolatus, and tarnished plant bug Lygus rugulipennis, respectively. The results also indicated that DD was ≥75% in 7 out of 45, 18 out of 45, and 3 out of 20 datasets for Coccinella septempunctata, Hippodamia variegata, and Pterostichus melanarius, respectively. Harvesting decreased the aggregation of the ladybirds, which resulted in a decrease in the index of aggregation. The geo-statistics results were confirmed by SADIE in 75% of datasets. These results can be used in biological control and site-specific management of aphids and plant bugs in alfalfa fields.
Introduction
Alfalfa Medicago sativa L., is one of the earliest plants to be domesticated by humans and plays an important role in the quality of dairy products. Alfalfa fields typically have a rich insect fauna and they are suitable habitats for a large number of pests and beneficial insects. Different species of aphids are important pests in alfalfa fields in Iran. Aphid damage starts at the end of March and continues through the spring. Populations decrease during the summer due to high temperatures and increase again in the autumn [1] . Severe aphid infestation stunts plant growth and reduces yield and may even kill alfalfa plants. Aphids also produce large amounts of honeydew and make the alfalfa plants sticky, which causes problems during harvest [2, 3] . Aphid populations are controlled by natural enemies in alfalfa fields and, usually, no specific chemical is applied to control them, unless the population is very high.
Tarnished plant bug, Lygus rugulipennis (Popp.), and alfalfa plant bug, Adelphocoris lineolatus (Goeze), are reported as noxious pests of several crops worldwide. Both are polyphagous, which are highly mobile and establish high population densities on various plants, and cause damage by feeding [4] . They feed on buds, flowers, and developing alfalfa seeds and reduce alfalfa production [5] . 
Sampling Methods
Sampling of the studied insects was conducted weekly from 4 July to 30 August in 2016. For carabids only, it was continued until 15 October. All target insects were sampled every week from 13 May to 25 September in 2017. Sampling was stopped at hay-cutting (harvest) time, and started again when the height of alfalfa plants reached about 10 cm.
In order to sample the aphids, 20 stems were considered as the sample unit. This number of stems were cut randomly from each grid and shaken into a white pan. The aphids that fell into the pan were counted and recorded. Coccinellids were sampled using a 1 × 1 m quadrat. Two quadrats (as the sample unit) were thrown at each grid randomly and adults, pupae, and larvae of all ladybird beetle species were counted and recorded separately. The number of insects counted in the two quadrats were pooled and used in the analysis. Plant bugs were sampled using a sweep net (38 cm diameter ring and 80 cm light wooden handle). Six to eight 180 • sweeps per grid was considered as a sampling unit. Slender plastic bottles (12 cm diameter and 14 cm high) were used as pitfall traps for sampling carabids (one trap per grid). Each trap contained 200 ml water and 200 ml ethylene glycol. Carabids captured by pitfall traps were counted every two weeks and transferred to the laboratory for identification.
Spatial Analysis
Geo-statistics and SADIE were used in this study to determine the spatio-temporal distribution of insects. Geostatistical analysis was conducted using Gs + version 5.1 (Gamma Design Software, Plainwell, MI, USA). Field B was excluded from geostatistical analysis since it contained too few sampling points, which are not enough for constructing valid variograms. Before autocorrelation analysis, the frequency distribution and other statistical parameters of the data were tested using the classical descriptive statistics of Gs + and logarithmic transformation was used to normalize the data. Variograms were used to model the changes in spatial correlation with increasing distance between samples. To construct a variogram, the semi-variance values of paired samples were plotted against the separation distance between them [7, 22] . Semi-variance was calculated using the following formula.
whereγ(h) is the empirical semi-variance at distance h, h is the distance between sample pairs or lag size, and N(h) is the number of sample pairs separated by h. Z(x i ) and Z(x i+h ) are sample values at two sample sites. Theoretical models were then fitted to the empirical variograms. The sill, partial sill, range, and nugget of the models were used to explain the spatial correlations. The patterns of directional effects or anisotropic variograms were calculated for all datasets in four directions (0, 45, 90, and 135 degrees) with 22.5-degree offset tolerance. The anisotropy factor (AF), which is the quotient between the minor and major anisotropy axes, was used to determine the existence of directional effects. Where AF was <0.5, anisotropy was considered in the analysis [23] . The residual sum of squares (RSS) was used to choose the best fitted models. Models with minimum RSS values were chosen [23, 24] . Data that did not fit any model were excluded from Agronomy 2019, 9, 532 4 of 16 analysis. The strength of spatial autocorrelation was measured using the degree of dependence (DD) index, defined as the ratio between partial sill and sill values of the variogram, and calculated using this formula.
where C 0 is the nugget, C is the partial sill, and C 0 + C is the sill of the model. Spatial dependency is low when the DD value is below 25%, since the DD approaches 75% when the level of spatial dependence will increase. This becomes high at values above 75% [25] . SADIE was also used to determine the spatial distribution of the insects and the results were compared with the results of the geostatistical analysis. The spatial pattern was investigated by calculating the index of aggregation (I a ) based on the distance to regularity. A value of I a = 1 indicates a random spatial distribution, I a > 1 reveals an aggregated pattern, and I a < 1 indicates a regular or uniform spatial distribution. The probability level of I a , (P a ) was used to determine the statistical significance of aggregation [8, 26, 27] . SADIE analyses were conducted using SADIE Shell, version 2.0 (Rothamsted Experimental Station, Harpenden Herts, United Kingdom).
In order to determine the effects of harvest on the spatial distribution of insects, the mean value of the I a of all fields was calculated for each sampling date and plotted against harvest dates on coordinate axes.
Spatial Associations
The spatial association between different species sampled in this study was evaluated, including aphids, plant bugs, coccinellids, and carabids. The index of local spatial association (x k ) was calculated based on the similarity of clustering indices of the two populations at unit k using the following equation [16, 28] .
where x k is the local spatial association for unit k, z k1 and z k2 are the clustering indices, q 1 and q 2 are the means of populations 1 and 2, respectively, and n is the total number of units. The overall spatial association (X), the mean of all x k local values, was also calculated (formula below) and used to determine association or dissociation between species.
The significance of X was tested using its associated probability values (P X ). Values of X > 0 having P X < 0.025 indicated a significant positive association, and X < 0 having P X > 0.975 was indicative of a significant negative association or dissociation between insects [28] . Spatial association analysis was conducted using the software N-Ashell version 1.0 (Rothamsted Experimental Station, Harpenden Herts, United Kingdom).
Results
The data for six fields on 63 sampling dates were analyzed in this two-year study. Three species of aphids, including spotted alfalfa aphid Therioaphis maculata (Buckton), cowpea aphid Aphis craccivora (Koch), and pea aphid Acyrthosiphon pisum (Harris) were dominant in the samples. Lygus rugulipennis and A. lineolatus were the only plant bugs observed in the fields studied. Among the coccinellids, C. septempunctata and H. variegata were dominant and included in the analysis. Due to the very low number of larvae and pupae of ladybird beetles, only the number of adults was used in the analysis. Two species of carabids, including Pterostichus melanarius L. and Harpalus rufipes (Degeer), were captured in the pitfall traps. The former was dominant and included in the analysis. 
Temporal Dynamics
At the beginning of the sampling period in 2016, the T. maculata population was relatively high, but it gradually decreased toward the middle of this period. The sampling period comprises the time interval between the first and last sampling date in each year. The aphid population increased again at the end of season, without evident changes before and after harvests. A. pisum was collected in very low numbers at the beginning of the survey but a slight increase in its population was observed after harvest and this continued until the end of the sampling period. A. craccivora was observed only in the samples taken shortly after the first and second harvests ( Figure 1 ). after harvest and this continued until the end of the sampling period. A. craccivora was observed only in the samples taken shortly after the first and second harvests ( Figure 1 ).
In 2017, A. pisum was the first species observed in the samples, which appeared on 21 June with a peak before each harvest. Compared to A. pisum, T. maculata appeared two weeks later, which was first recorded a week before the first harvest. Its population increased gradually and reached a peak before the next harvest. Its highest seasonal peak was seen before the third harvest. Similar to the previous year, A. craccivora was observed only for a period of about three weeks. Harvesting decreased the population of all aphids in this year. Population changes for aphids, especially T. maculata and A. pisum, were synchronous in both 2016 and 2017 ( Figure 1 ).
C. septempunctata had a population peak after the first harvest in 2016, which was followed by a gradual decrease in the middle of the sampling period. The population of H. variegata displayed no significant changes during the sampling period. Ladybird beetle populations were observed earlier in the season and changed more, with four peaks, in 2017. The temporal dynamics of two ladybird species were synchronous in 2016 and 2017. Ladybird populations decreased after harvest in both years. Coccinellid and aphid population changes and peaks seemed to be coincident in both years. Comparing the distribution graphs of the two years indicated that the temporal dynamics of aphids and coccinellids were more consistent in 2017, when compared to 2016 ( Figure 1 ).
Figure 1.
Temporal dynamics of the coccinellids (left) and aphids (right) in the studied alfalfa fields in the first, second, third, and fourth weeks after harvest (dashed lines indicate alfalfa harvest times). Coccinellids were sampled using a 1 × 1 m quadrat and aphids counted on 20 stems were cut randomly from each grid.
C. septempunctata had a population peak after the first harvest in 2016, which was followed by a gradual decrease in the middle of the sampling period. The population of H. variegata displayed no significant changes during the sampling period. Ladybird beetle populations were observed earlier in the season and changed more, with four peaks, in 2017. The temporal dynamics of two ladybird species were synchronous in 2016 and 2017. Ladybird populations decreased after harvest in both years. Coccinellid and aphid population changes and peaks seemed to be coincident in both years. Comparing the distribution graphs of the two years indicated that the temporal dynamics of aphids and coccinellids were more consistent in 2017, when compared to 2016 ( Figure 1 ). The mean number of carabids captured in the pitfall traps was low, i.e., less than three beetles per trap per sampling date, in both years. Their population was low at the beginning of the sampling period, increased slightly toward the mid-season, and then dropped late in the season. Harvest had no noticeable effect on the temporal dynamics of carabid populations ( Figure 2 ). There was no synchrony between the temporal dynamics of aphids and P. melanarius.
The mean number of carabids captured in the pitfall traps was low, i.e., less than three beetles per trap per sampling date, in both years. Their population was low at the beginning of the sampling period, increased slightly toward the mid-season, and then dropped late in the season. Harvest had no noticeable effect on the temporal dynamics of carabid populations ( Figure 2 ). There was no synchrony between the temporal dynamics of aphids and P. melanarius.
In 2016, A. lineolatus and L. rugulipennis had two population peaks, at the beginning and end of the sampling period. The population of these insects peaked after the first harvest and then decreased considerably through the midseason. The second peak was observed at the end of the growing season and during the flowering period of the alfalfa plants ( Figure 2 ). The temporal dynamics of the plant bugs was different in 2017. L. rugulipennis was present for only three short periods before harvests and A. lineolatus was not observed in the samples during the first week after harvests and its population reached a peak at the end of the season. 
Geostatistical Analysis
Based on the RSS values, spherical, exponential, and Gaussian models were the best-fitted models for empirical variograms at different sampling dates. The DD was ≥75% for 11 out of 39, 9 out of 35, and 3 out of 12 datasets of A. pisum, T. maculata, and A. craccivora, respectively ( Table 2) , which indicates that the distribution pattern of aphids was aggregated in these dates and fields. The mean range, which is an indicator of hot spot size, was 161 ± 34 m for T. maculata, 176 ± 43 m for A. craccivora, and 216 ± 26 m for A. pisum.
C. septempunctata and H. variegata showed strong spatial autocorrelation (DD ≥ 75%) in seven out of 45 and 18 out of 45 datasets, respectively. Mean ranges were 217 ± 27 m for C. septempunctata, and 178 ± 25 m for H. variegata ( Table 2 ). In 2016, A. lineolatus and L. rugulipennis had two population peaks, at the beginning and end of the sampling period. The population of these insects peaked after the first harvest and then decreased considerably through the midseason. The second peak was observed at the end of the growing season and during the flowering period of the alfalfa plants ( Figure 2 ). The temporal dynamics of the plant bugs was different in 2017. L. rugulipennis was present for only three short periods before harvests and A. lineolatus was not observed in the samples during the first week after harvests and its population reached a peak at the end of the season.
C. septempunctata and H. variegata showed strong spatial autocorrelation (DD ≥ 75%) in seven out of 45 and 18 out of 45 datasets, respectively. Mean ranges were 217 ± 27 m for C. septempunctata, and 178 ± 25 m for H. variegata (Table 2) . Table 2 . Geostatistical degree of dependence and best -fitted variogram models for coccinellids and aphids sampling data in alfalfa fields. Spatial dependency was strong and DD was ≥75% for 10 out of 29, 2 out of 20, and 3 out of 20 datasets of A. lineolatus, L. rugulipennis, and P. melanarius, respectively (Supplementary Tables S1 and S2). The mean ranges were 136 ± 28 m for A. lineolatus, 223 ± 38 m for L. rugulipennis, and 261 ± 31 m for P. melanarius. After harvesting the hay, no models fitted the data or DD was less than 75% in most datasets, which means that low aggregation or a random spatial pattern was dominant after the harvest.
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SADIE Analysis
According to the SADIE results, the I a of A. pisum was >1 in 35 out of 46 datasets, which was statistically significant in 12 cases (P a < 0.05). T. maculata and A. craccivora showed aggregated Agronomy 2019, 9, 532 8 of 16 distribution in 10 out of 42 and 4 out of 16 datasets, respectively. A relatively weak aggregation was observed in the data for ladybird beetles, and the I a of C. septempunctata and H. variegata was >1 in 30 and 34 out of total 104 datasets, and was statistically significant in 12 cases and 8 cases, respectively (Table 3) . I a values indicated that the spatial distribution pattern of A. lineolatus and L. rugulipennis was aggregated in 15 out of 35 and 4 out of 26 datasets, respectively (P a < 0.05). The I a calculated for the carabid P. melanarius was >1 in 15 out of 30 datasets, which was statistically significant in four cases ( Supplementary Tables S2 and S3 ). The results of SADIE agreed with the results of geo-statistics in 75% of cases. Figures 3 and 4 show the effect of harvests on the SADIE I a . It seems that only the I a values of ladybird beetles decreased after the harvest and this event had no significant effect on the aggregation of other species. 
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Spatial Associations between Species
The association index (X) indicated that there was a statistically significant positive spatial association (PX < 0.025) between the aphids T. maculata and A. pisum on seven dates in the sampling periods at the beginning of 2016 and in the middle of 2017. Negative spatial association or dissociation between these two aphids was statistically significant (PX > 0.975) on one date only in Field E. A. craccivora and T. maculata populations showed a strong positive association on three dates in the first sampling period of 2016. No dissociation was observed between these species. The Ia between A. craccivora and A. pisum was positive and statistically significant for three dates at the beginning of the season ( Supplementary Table S4 ).
The spatial association index for A. pisum and H. variegata and for this aphid and C. septempunctata was statistically significant in 7 and 5 out of 96 datasets (Table 4 ). A negative association or dissociation between these species was not significant. T. maculata had a positive association with H. variegata and C. septempunctata in 9 and 8 out of 41 and 42 datasets, respectively ( Supplementary Table S5 ). 
The association index (X) indicated that there was a statistically significant positive spatial association (P X < 0.025) between the aphids T. maculata and A. pisum on seven dates in the sampling periods at the beginning of 2016 and in the middle of 2017. Negative spatial association or dissociation between these two aphids was statistically significant (P X > 0.975) on one date only in Field E. A. craccivora and T. maculata populations showed a strong positive association on three dates in the first sampling period of 2016. No dissociation was observed between these species. The I a between A. craccivora and A. pisum was positive and statistically significant for three dates at the beginning of the season ( Supplementary Table S4 ).
The spatial association index for A. pisum and H. variegata and for this aphid and C. septempunctata was statistically significant in 7 and 5 out of 96 datasets (Table 4 ). A negative association or dissociation between these species was not significant. T. maculata had a positive association with H. variegata and C. septempunctata in 9 and 8 out of 41 and 42 datasets, respectively ( Supplementary Table S5 ). A strong spatial association was observed between A. craccivora and H. variegata and between this aphid and C. septempunctata in four out of 16 datasets (P X > 0.975) ( Table 5 ). The associations between T. maculata and P. melanarius and between A. pisum and P. melanarius were statistically significant in only three out of 37 datasets (Supplementary Table S6 ). The spatial association index between A. craccivora and P. melanarius was not determined, because this aphid was observed in samples for a short time that did not coincide with the presence of carabids in the fields.
Discussion
The population of natural enemies sampled in this study was not high. As noted previously, this study was conducted at an experimental farm located in a simple landscape. The simplicity and low diversity of the agroecosystem around the fields and the lack of natural and semi-natural habitats in the area may explain the low density of natural enemies such as coccinellids and carabids in the studied fields. Several other researchers have come to similar conclusions that the simplicity of the landscape results in lower populations and diversity of natural enemies [29] [30] [31] .
The temporal dynamics of coccinellid and aphid populations were synchronous in the two years, especially in 2017. This is important for the biological control of aphids because ladybird beetles can effectively reduce the number of aphids when their populations are coincident, spatially and temporally [15] . It should be noted that temporal synchrony of pests and natural enemies may not guarantee that spatial association will occur in the fields throughout the growing season. As seen in this study, spatial association between aphids and coccinellids was inconsistent and unstable during the growing seasons. Instability in insect spatial patterns and spatial association between pests and natural enemies has been reported by other researchers as well. Pearce and Zalucki [32] reported that predator aggregation did not consistently correlate with pest aggregation and differed between fields. Park and Obrycki [15] used map-correlation analysis to determine spatial association between aphids and coccinellids and reported that the spatial distribution of ladybirds did not always coincide with that of corn leaf aphids. Both association and dissociation were observed between aphids and their natural enemies, but on few specific dates.
Harvesting of the alfalfa crop, several times a year, could be one of the major reasons for the instability of the spatial distribution patterns of pests and natural enemies and their association in alfalfa fields. Cutting the hay during the growing season can disrupt insect distribution patterns and the insects have to rebuild their distribution patterns after the harvest. Therefore, spatial distribution patterns will be different before and after the harvest. Our results somewhat confirmed this hypothesis. Harvesting decreased the number of aphids and coccinellids but did not affect carabid populations. These results were expected, because aphids and coccinellids are located in the plant canopy and harvesting can remove some of them. In contrast, carabids live on the surface of the ground and the probability of removing them when harvesting the plants is low.
Considering the feeding behavior of L. rugulipennis, high populations were expected at the alfalfa flowering stage. The reduced population of this bug toward the end of the growing season in 2017 can be attributed to the presence of old alfalfa fields nearby. These old fields entered the flowering stage earlier than the studied fields and were at the flowering and seeding stages for a longer period of time. Therefore, more plant bugs left the studied fields for the old fields and their populations decreased in the studied fields. Sampling of the old fields confirmed this (data not presented).
The use of two spatial statistical methods, which are geo-statistics and SADIE, provided some reliable comparisons [33] [34] [35] . Both methods determined the spatial distribution patterns of sampled insects in the alfalfa fields, using the Degree of Dependence Index (DD) or the Index of Aggregation (Ia), respectively. SADIE was designed specifically for count-based data spatially referenced in two dimensions and has been more extensively applied to interactions between pests and their natural enemies [17] . In our study, the SADIE results overlapped with the geo-statistics in 75% of the datasets, by highlighting a good match level. SADIE, unlike the variogram analysis, provides a randomization test for significance, which returned a random pattern in a few cases when the DD index indicated an aggregated distribution.
According to the results, the spatial distribution of all studied species in the fields was not stable overall and changed over time. The pattern of these changes was specific to each insect and revealed a unique signature of that insect in that environmental condition, which is the reason for our proposing to use the term "spatio-temporal signature" instead of "spatio-temporal distribution." In other words, each insect population has its own unique spatio-temporal signature in the field, at least when the stochastic processes of dispersion (leading to random distributions) do not prevail.
The existence of spatio-temporal associations between pests and their natural enemies is useful in implementing biological control of pests and can increase the efficiency of natural enemies. Spatial dissociation can also provide useful information for chemical control, i.e., site-specific treatments can be applied only to aphid patches or hot spots without affecting natural enemies significantly. Determining the spatio-temporal signature and association of pests and natural enemies provides useful information that can augment biological control with landscape management. For example, the strong perturbation of insect populations in the fields caused by alfalfa harvesting, disrupting interactions among pests and natural enemies, can have negative effects on the efficacy of biological control, especially with low predator populations. In this case, the increase of areas for shelter (wild vegetation strips or hedgerows) adjacent to the alfalfa fields can assume even greater importance for rapid recolonization of natural enemies within the crop.
The observed lack of association could also be due to the higher mobility of predators that show a random distribution more often than prey species. The incorporation of aspects related to dispersal processes can provide a clear causal description of the spatial patterns observed at field level.
Conclusions
In this study, the spatio-temporal distribution and association of aphids, plant bugs, and natural enemies were determined in alfalfa fields using geo-statistics and SADIE. Additionally, the effect of alfalfa hay-harvesting on the spatio-temporal distribution of these insects was investigated. According to the results, the spatial distribution of all studied species in the fields was not stable overall and changed over time. SADIE results agreed with the results of geo-statistics in 75% of the datasets, which highlights a good match level. Although there was a temporal synchrony between ladybird beetles and aphids, they were not spatially coincident on all dates. No noticeable spatial and temporal association was observed between aphids and carabids. Harvesting decreased populations of the aphids and ladybird beetles but had no significant effect on the number of carabids or plant bugs. It also decreased the aggregation of the ladybirds, which resulted in a decrease in the index of aggregation (I a ). The results can be used in biological control and site-specific management of pests in alfalfa fields. The existence of spatio-temporal associations between aphids and their natural enemies is useful in implementing biological control of these pests and can increase the efficiency of natural enemies. Spatial dissociation can also provide useful information for chemical control, i.e., site-specific treatments can be applied only to aphid patches or hot spots without affecting natural enemies significantly.
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